Human cytomegalovirus (HCMV) has been suggested to contribute to the development of vascular diseases. Since matrix metalloproteinases (MMPs) have been implicated in atherosclerosis and plaque rupture, we investigated the effect of HCMV infection on MMP expression in human macrophages. We used quantitative real-time PCR, Western blotting, and gelatin zymography to study the expression and activity of MMP-2, -3, -7, -9, -12, -13, and -14 and of tissue inhibitor of metalloproteinase 1 (TIMP-1), -2, -3, and -4. HCMV infection reduced MMP-9 mRNA, protein, and activity levels but increased TIMP-1 mRNA and protein levels. Furthermore, a decrease in MMP-12, MMP-14, TIMP-2, and TIMP-3 mRNA levels could be detected. The MMP-9 and TIMP-1 mRNA alterations required viral replication. MMP-9 mRNA expression was affected by an immediateearly or early viral gene product, whereas TIMP-1 mRNA expression was affected by late viral gene products. We conclude that HCMV infection specifically alters the MMP-9/TIMP-1 balance in human macrophages, which in turn reduces MMP-9 activity in infected cells. Since MMP-9 prevents atherosclerotic plaque development in mice, these results suggest that HCMV may contribute to atherogenesis through specific effects on MMP-9 activity.
Human cytomegalovirus (HCMV), a member of the betaherpesvirus family, is a ubiquitous pathogen that causes lifethreatening disease in immunologically immature or immunocompromised individuals such as transplant recipients, AIDS patients, and congenitally infected neonates (16) . It rarely causes any symptoms in healthy individuals. After a primary infection, HCMV remains latent within its host but can be reactivated throughout life. Primary infection usually starts with replication of the viral genome in mucosal epithelial cells, but the virus can infect and replicate in many different cell types (12) .
Atherosclerosis is a multifactorial, inflammatory disease that may be caused or exacerbated by various factors. Accumulating evidence suggests that HCMV is a triggering or contributing factor in the development of vascular diseases, including atherosclerosis, restenosis, and vascular sclerosis in transplanted organs. HCMV nucleic acids have been detected in the arterial wall and atherosclerotic lesions of atherosclerotic patients. Furthermore, HCMV antigenemia due to a primary infection or reactivation of latent infection has been reported in patients with acute myocardial infarction (reviewed in references 2, 19, and 22). Thus, HCMV DNA in an atherosclerotic lesion can elicit an immune response in the aorta, resulting in the production of cytokines that attract blood-borne myeloid cells to the site of infection.
Inflammation is central for the life cycle of CMV. CMV establishes latency in monocytes/premonocytic cells (20) , and reactivation of latent virus in macrophages appears to be dependent on cytokine-mediated differentiation of monocytes into macrophages. Thus, latent virus in infiltrating monocytes might be reactivated when the cells differentiate into macrophages, stimulating further cytokine production and reactivation of latent virus in the arterial wall.
Macrophages in atheromata create an environment rich in inflammatory cytokines, chemokines, and matrix-degrading proteases (7) . Matrix metalloproteinases (MMPs) are closely related proteinases belonging to a family of at least 25 proteases that can degrade all macromolecules in the connective tissue matrix. Thus, MMPs regulate the composition of the extracellular matrix. Because they also regulate connective tissue remodeling, thereby determining the expansion and stability of the atherosclerotic plaque and the ability of smooth muscle cells to proliferate, MMPs have been implicated in atherogenesis and acute coronary syndrome. Macrophages have been proposed to be the main source of MMP activity in atherosclerotic plaques (1, 11, 13) , and we have shown that differentiation of monocytes into macrophages markedly increases their proteolytic capacity (27) . HCMV infection downregulates MMP activity in endothelial cells and cytotrophoblasts, impairing endothelial cell migration and placental cytotrophoblast invasiveness (28) . In contrast, HCMV infection upregulates MMP-2 protein levels and activity in human coronary artery smooth muscle cells (18) .
In this study, we investigated the effects of HCMV infection on the expression and activity of MMPs and their inhibitors, tissue inhibitors of metalloproteinases (TIMPs), in human pri-Tris-glycine-sodium dodecyl sulfate (SDS) sample buffer containing ␤-mercaptoethanol and heated at 95°C for 4 min. The samples were loaded on 1-mm, 4 to 20% Tris-glycine precast gels (PAGEr Gold; Cambrex BioScience, Rockland, ME) along with full-range Rainbow molecular weight markers (RPN800; Amersham Biosciences, Sweden) and electrophoresed for 1.5 h at 150 V. Proteins were transferred to polyvinylidene fluoride transfer membranes (Hybond-P; Amersham Biosciences, Little Chalfont, United Kingdom) in a blotting container (100-V setting) for 1 h at 4°C. The membranes were incubated overnight at 4°C in PBS with 1% milk together with the primary antibody (monoclonal antihuman MMP-9, MAB911, or anti-human TIMP-1 antibody [R&D Systems, Minneapolis, MN]) or for 1 h at room temperature with mouse anti-␤-actin (ab6276 [Abcam] ) after stripping of the membranes. After washing, the membranes were incubated with sheep anti-mouse immunoglobulin G-horseradish peroxidase-linked whole antibody (NA931V; Amersham Bioscience, United Kingdom) or horseradish peroxidase-linked rabbit anti-goat antibody (P0449; Dakocytomation, Denmark) for 2 h at 4°C, and proteins were detected with a peroxidase substrate kit (DAB SK-4100; Vector Laboratories, Burlingame, CA) or with the ECL system.
Zymography. Cytosolic MMP-9 activity in HCMV-infected or mock-infected cells was assessed by gelatin zymography. For each sample, 30 g of cytosolic proteins was mixed with 5 l of Novex Tris-glycine-SDS sample buffer (2ϫ) (Invitrogen Life Technologies). Samples and full-range Rainbow molecular weight markers were loaded onto a Novex 10% zymogram gel, placed in a Novex XCell SureLock electrophoresis minicell, covered with Novex Tris-glycine-SDS running buffer (Invitrogen Life Technologies), and electrophoresed at 125 V for 1.5 h. The gels were incubated for 30 min at room temperature in Novex zymogram renaturing buffer and later incubated in Novex zymogram developing buffer (Invitrogen Life Technologies) overnight at 37°C. The buffer was discarded, and the gels were incubated in Coomassie blue staining solution (400 ml of 40% ethanol, 1.25 g of Coomassie brilliant blue R-250, 500 ml of distilled water, and 100 ml of 10% acetic acid) for 2 h at room temperature and washed in water.
ELISA. Supernatants collected from noninfected or HCMV-infected cell cultures were analyzed for secreted MMP-9 or TIMP-1 at 4 and 7 days after infection by using Quatikine enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems, Minneapolis, MN). The data obtained for each sample were normalized to the corresponding total protein concentration (bicinchoninic acid method).
Statistical analysis. Data are expressed as means Ϯ standard errors of the means. Statistical significances was tested using either an unpaired Mann-Whitney test or a paired Wilcoxon signed rank test; a P value of Ͻ0.05 was considered statistically significant. Analysis was performed using StatView software version 5.0 (Cary, NC).
RESULTS
HCMV infection downregulates MMP-9 mRNA and upregulates TIMP-1 mRNA in human macrophages. To examine the effects of HCMV on expression of MMPs and TIMPs, we collected mRNA from uninfected and infected macrophages and analyzed the samples by real-time PCR at 4 days after infection, a time point when a full replication cycle of the viral genome is estimated to be completed. MMP-9, -12, and -14 were the only MMPs found to be significantly altered by HCMV infection compared to the control (Fig. 1A) . MMP-3 and -13 mRNA levels were below the limit of detection (data not shown). TIMP-1, -2, and -3 mRNA levels were significantly altered in HCMV-infected cells (Fig. 1B) . TIMP-1 mRNA levels were found to be increased, while TIMP-2 and -3 mRNA levels decreased after HCMV infection. However, the most profound effects after HCMV infection were seen in the alterations of MMP-9 and TIMP-1 mRNA levels.
MMP-9 and TIMP-1 expression appears to be regulated by different viral mechanisms. To determine if viral replication is required to alter the expression of MMP-9 and TIMP-1 mRNAs, we performed experiments with UV-irradiated, replication-deficient HCMV inocula. MMP-9 and TIMP-1 mRNA VOL. 83, 2009 HCMV ALTERS MMP-9/TIMP-1 BALANCE 831
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To further analyze whether IE/early or late viral genes were involved, we added Foscavir to the cell cultures at 2 h after infection to block late viral gene expression. MMP-9 mRNA levels were decreased ( Fig. 2A) , indicating that an IE or early HCMV gene product downregulated MMP-9 mRNA. However, the viral effect on TIMP-1 mRNA expression was blocked (Fig. 2B) , indicating that late viral proteins are involved in HCMV's ability to affect TIMP-1 mRNA expression. UV treatment or filtration of viral inocula, as well as Foscavir treatment, inhibited late gene pp150 mRNA expression compared to that in mock-infected cells (Fig. 3A to C) . The Foscavir-treated samples were all positive for IE mRNA in a nested PCR assay (Fig. 3D) .
MMP-9 mRNA levels were found to be slightly decreased already at 2 h after infection, and major effects were observed at 72 to 168 h after infection (Fig. 4A) . In contrast, TIMP-1 mRNA levels increased first at 72 h after infection (Fig. 4B ). These observations support the notion that MMP-9 mRNA expression is affected by an IE or early viral gene product and TIMP-1 by a late gene product. MMP-9 and TIMP-1 mRNA levels were altered in a dose-dependent manner with increasing viral doses of HCMV (Fig. 4C and D) .
HCMV downregulates MMP-9 protein expression and activity but upregulates TIMP-1 protein expression. To determine if MMP-9 and TIMP-1 protein levels and MMP-9 activity were altered by HCMV, we performed Western blot experiments, gelatin zymography, and ELISA. Cytosolic levels of MMP-9 protein were clearly reduced by HCMV infection in human macrophages at 4 days after infection (Fig. 5A) . In contrast, cytosolic TIMP-1 protein levels increased after HCMV infection (Fig. 5B) . Further, MMP-9 activity was consistently reduced in macrophages infected with HCMV, in contrast to the case for the mock-infected cells (Fig. 5C) . We further analyzed supernatants from noninfected or HCMVinfected macrophages, collected at 4 and 7 days after infection, by ELISA. At 4 days after infection we observed a trend for decreased MMP-9 secretions in HCMV-infected cells compared to control cells (Fig. 6A) . At 7 days after infection we observed a significant decrease in secreted MMP-9 in HCMVinfected cells compared to control cells (Fig. 6B) . TIMP-1 secretion was significantly increased in HCMV-infected cells at 4 days after infection (Fig. 6C) but not at 7 days after infection (Fig. 6D) .
DISCUSSION
Through their ability to control extracellular remodeling, MMPs figure prominently in inflammatory diseases, such as cardiovascular diseases, pulmonary diseases, cancer, and autoimmune diseases (5, 13, 17, 26) . Here, we show that HCMV infection of human macrophages reduces MMP-9 mRNA expression and activity and increases the expression of its inhibitor, TIMP-1. The decrease in MMP-9 mRNA levels was mediated by HCMV IE or early gene products, whereas the increase in TIMP-1 expression was mediated by late viral gene products.
We also found significant effects on MMP-12, MMP-14, TIMP-2, and TIMP-3 mRNA expression after HCMV infection. However, since the most profound effects were on MMP-9 and TIMP-1 mRNA levels and because MMP-9 has been described as one of the key proteolytic enzymes in vascular diseases, we focused our further analysis on MMP-9 and TIMP-1.
How the HCMV-mediated downregulation of macrophage MMP-9 activity would affect atherosclerosis is difficult to predict. Until recently, all MMPs were thought to contribute to vascular disease progression by weakening the atherosclerotic plaque and increasing the risk of plaque rupture. However, a more complicated picture has emerged. Johnson et al. recently examined the effect of deficiency in various MMPs and apolipoprotein E (apoE) on atherosclerosis development in mice (9) . apoE-knockout mice (29) develop spontaneous hypercholesterolemia and arterial lesions and are widely used for experimental atherosclerosis studies. In apoE/MMP-9 doubleknockout mice, the plaque area was larger than in strainmatched apoE single-knockout controls (9) . These mice also had more buried fibrous layers per plaque (suggesting previous plaque rupture), fewer smooth muscle cells, and more macrophages in the plaques than the single-knockout mice. These data suggest that MMP-9 plays a protective role in atherosclerosis by promoting plaque stability. Thus, the HCMV-mediated decrease in MMP-9 activity may lead to larger, unstable plaques. This finding suggests yet another molecular link between HCMV and vascular diseases. Studies with apoE-knockout mice also suggest that CMV contributes to atherogenesis. As in MMP-9/apoE doubleknockout mice (9) , lesion size was increased in apoE-knockout mice infected with murine CMV (3). In another study of apoEknockout mice, murine CMV infection increased the number and size of early atherosclerotic lesions at 2 weeks after infection and the number of advanced lesions at 20 weeks (24) . In addition, there was evidence that murine CMV contributes to atherosclerosis through both direct effects (viral DNA and increased production of proinflammatory cytokines in the aortic arch) and an indirect effect (increased systemic levels of proinflammatory cytokines) (24) .
The molecular mechanisms of the CMV-mediated decrease in MMP-9 expression and activity are not understood. In apoE-knockout mice infected with murine CMV, interleukin-18 (IL-18) and gamma interferon expression increased in infected macrophages (25) . Gamma interferon-mediated STAT-1␣ activation of the transcriptional target class II major histocompatibility complex transactivator (CIITA or MHC2TA) reportedly suppresses MMP-9 expression by competitive binding of the CREB-binding protein (CBP) (15), a histone acetyltransferase that regulates the expression of many genes. The HCMV-encoded IE2-p86 protein interacts with the acetyltransferase domains of p300 and CBP (8) . Hence, the competitive binding of CBP that is necessary for the activation of the MMP-9 promoter by IE2-p86 may influence the expression of MMP-9 in HCMV-infected cells. Interestingly, a polymorphism in CIITA was recently associated with increased risk of myocardial infarction (23) .
Consistent with our results, HCMV downregulated MMP activity in endothelial cells and cytotrophoblasts, impairing the migration of endothelial cells and the invasiveness of placental cytotrophoblasts (28) . After HCMV infection, levels of human IL-10 were elevated, and infected cells secreted a functional HCMV-encoded IL-10 homologue (UL111.5A or cmvIL-10) (28). IL-10 inhibits metalloproteinase production and enhances TIMP-1 expression (10). Since cmvIL-10 encoded by the UL111.5A gene is expressed as a gene product in the viral replication cycle (4) and because cells infected by HCMV induce human IL-10 mRNA at 24 h postinfection (14) , it is possible that human IL-10 or cmvIL-10 could be responsible for the downregulation of MMP-9 mRNA levels. The upregulation of TIMP-1 mRNA at later time points might also be influenced by elevated levels of IL-10 produced by HCMVinfected cells.
In summary, HCMV infection reduced MMP-9 activity in macrophages and altered the MMP-9/TIMP-1 balance. This finding suggests that HCMV may contribute to the growth and destabilization of atherosclerotic plaques and provides another possible molecular link between the virus and vascular disease development. 
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